T he impact of clefting on the morphogenesis of patients with cleft palate has been described by a number of investigators. 1 Compared with their normal peers, patients with cleft palate have a rather collapsed maxilla instead of an arch bridge supported by bilateral maxillary tubercles. It may be the result of the V-shaped defect in the hard palate and asymmetric muscles, which presumably causes a changed and unbalanced stress distribution. Palatoplasty also has a detrimental effect on facial growth. When repaired with mucosal flap, the contracted scar on the palate can pull the distal part of the hard palate backward and narrow the width of the maxillary. 2 Orthodontists have observed that once the orthodontic appliances are removed, the expanded dental arch would be narrowed again, lacking supporting bone. 3 Therefore, we hypothesize that bone grafting in the bone defect in primary palatal surgery may be helpful to inhibit the secondary aberrations in the maxillary. The grafted bone may provide some hard support to the dissociated muscles from the cleft margins. Although secondary osteoplastic operations in the alveolar have been widely used in palatal repair, our research in threedimensional finite element biomechanical analysis proved that it is not the best method because many patients still had secondary deformities. [4] [5] [6] On the other hand, tissue engineered bone has been successively implanted in humans. 7 It is important to decide whether bone graft in primary palate repair surgery can effectively retard growth disturbance of the maxilla and malocclusion. Therefore, we designed this experiment to investigate the effects and the possible postoperative complications of this technique and to find an optimal manner to repair cleft palate.
MATERIALS AND METHODS

Animals S
ixty purebred beagles (provided by the West China Center of Experimental Animals) were involved in this study, ranging in age from 8 weeks to 10 weeks and in weight from 1.5 to 2.5 kg. This animal model was selected because it has been widely used in former studies of the effects of various surgical procedures on maxillofacial growth. 8, 9 The animals were randomly assigned by sex to four groups:
• Group I: unoperated controls (n = 15).
• Group II: animals with surgically created defects simulating unilateral cleft palate on right side, no reparation (n = 15).
• Group III: animals with surgically created defects simulating unilateral cleft palate on the right side; the cleft palate was repaired using two-flap palatoplasty (n = 15).
• Group IV: animals with surgically created defects simulating unilateral cleft palate on the right side; a piece of autogenous bone from the left seventh rib was grafted onto the defect before the palatoplasty (n = 15).
Sex ratios were kept constant to control for the effects of sexual dimorphism in the facial skeleton. Tests of variance of preoperative weight and maxillary length and width (from dental casts) demonstrated that the groups were homogeneous with respect to facial structure and physical size.
Group I and group II (unoperated and unrepaired animals) were used to assess the effects of surgical creation of the palatal defect and to isolate the effects of raising mucoperiosteal flaps and leaving denuded bone. Group III animals also served as a control for group IV.
Surgical Procedures
Half an hour preoperatively, all experimental animals were sedated with an intramuscular injection of 0.l g pentobarbital sodium (NCPC, North China Pharmacon Company, China) and 0.5 mg atropine sulfate (NCPC, China). Surgery was conducted with the animals under anesthesia of 2.5% sodium pentobarbital with a dose of 1 mL/kg (intraceliac injection). The animals' heads were shaved, aseptically prepared, and draped with axenic cloths. Facial skin was sterilized with 5% iodine and 75% alcohol for three times. The dentition and oral mucosa were cleaned with chlorhexidine digluconate (NCPC, China) 1% in water, followed by injections of lidocaine hydrochloride (NCPC, China) 0.4 mg/mL + epinephrine (NCPC, China) 1:100,000 in the palatal mucoperiosteum to prevent excessive bleeding during the operation. The animals were fixed tightly to avoid aspiration and secured in the prone position. An effective suction was used to maintain an expedited airway.
In groups II, III, and IV, we created a standardized soft tissue defect in the right region of the palate by incising, elevating, and removing a quadrate mucoperiosteum flap. The inside incision was 2 mm to the midline. The flap extended from the alveolus to the caudal margin of the hard palate, with a width of 5 mm. The strip of underlying bone, including the entire bony block of the alveolus, was removed with a perforating burr. Then, in groups II and III, the nasal mucosa was incised along the right margin of the defect, turned over, and sutured with the oral mucoperiosteum at the left edge. In this way, the right fragment was parceled with nasal mucosa, and a complete cleft palate extending from anterior nasal aperture to back edge of hard palate was created surgically, including both hard tissue and soft tissue defect.
In group III, the palate was repaired with twoflap palatoplasty. On both sides of the palate, relaxation incisions reaching to the bone were made in the palatal mucoperiosteum parallel to the dental arch, approximately 1 mm away from the teeth. The relaxation incisions extended from a line just behind the canines to the molar region. Subsequently, the mucoperiosteum was elevated, mobilized approximately medially and the soft-tissue defect was closed at the midline.
Narrow strips of denuded bone (1.5-2.0 mm) were left lateral to the flaps on both sides, adjacent to the dentition. The defect was left open to heal by secondary epithelialization. Anteriorly, two sutures were placed between both flaps and the nasal mucosa to stabilize the position of the flaps and eliminate dead space. The major palatine neurovascular bundles were identified so as not to be damaged during the operation.
In group IV, the nasal mucosa was left intact, and autogenous bone grafting was applied before the soft defect was closed. The left seventh rib of the beagles were extracted and mended to match the figure of the hard palate defect. Then, the bone was embedded in the cleft and fixed to the edges of cortical bone on the opposite sections with thin, steel wires. Subsequently, the cleft palate was repaired with two-flap palatoplasty as described above. All animals received a normal diet.
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Bone Mark Implanting
To investigate the growth of the maxillary after palate repair with different techniques, three sets of radioopaque dental amalgams were implanted into definite positions (apex of the root of the right first lateral incisor, zygomatic process of right maxillary, and the point on the right infraorbital margin that is 0.2 mm right to the midline of nasal bone) in all of the beagles (Figs 1 and 2 ). All animals were anesthetized generally and drilled with a burr to form pores at the above-mentioned maxillary positions. Then, dental amalgams were implanted into the pores and served as location marks in the radiograms. 10 
Cephalometric Roentgenography and Plaster Casts
With use of intravenous barbiturate anesthesia, the animals were x-ray photographed in a specially designed cephalostat (Chemetron). The head was fixed by earplugs and a chin fixture. All animals were imaged with cephalometric roentgenography before surgery and every 4 weeks postoperatively until the 34th week.
We tested the reproducibility of the method and found there was no difference in the reposition of the markers when roentgenograms of the same animal were taken at different times by the same radiologist. We used the self-growth ratio in our analysis of variance (ANOVA) to avoid errors caused by individual diversity of the subjects and different positions of bone markers: self-growth ratio = (the latter value ÿ the earlier value)/the earlier value.
Similarly, impressions of the maxillary were taken preoperatively and every 4 weeks after surgery to examine the occlusions when the animals were in general anesthesia. The alginate impressions were kept from drying and poured out within a few hours (Figs 3 and 4) . 11 
Direct Cephalometry
Animals were killed at 34 weeks postoperatively (42 weeks postnatally) by general anesthesia. This protocol was based on a study by Kremenak et al. 13 that indicated that facial growth of beagles is complete by this time. After sacrifice, soft tissue was removed from the skulls using boiling sodium hydroxide. This technique permits preservation of all bony structures and reliable and economic removal of soft tissue. After soft-tissue removal, standardized measurements were obtained using direct cephalometry on the cleaned skulls. Sixty metric cranial variables were measured directly from the cleaned skulls. A description of the landmarks may be found in Bardach et al. 9 Direct craniometric measurements were taken for the following dimensions: maxillary length, width, and height; posterior facial length and width; and nasal deflection (Fig 5) . The ratios of dissymmetry of maxillary length and that of premaxilla were calculated using the expression of ratio of dissymmetry: ratio of dissymmetry = (left length ÿ right length)/left length. Two different examiners assessed the skulls with vernier calipers. All measurements were performed with a precision of 0.02 mm. The skulls were not identified by groups until measurements were taken. The average means of the two examiners were used for the statistic analysis.
Statistics
Intra-and interexaminer agreement was examined with Kappa-type statistics. Agreement was determined by the weighted Kappa statistic for ordinal data with more than two categories. This calculation takes into account not only those in agreement (and those not) but the extent of disagreement that exists in the data. A Kappa coefficient greater that 0.8 represents very good agreement, whereas 0.6 to 0.8 indicates good agreement. Calculations were made using a program developed by us to calculate weighted Kappa. We found that intra-and interexaminer agreement in the present study was very good.
We compared the means of different groups by means of a four-by-one (group by dependent variable), one-way ANOVA at a 0.05 level of significance using SPSS 10.0 (Chicago, IL). Tukey's multiple comparisons tests were used to further explore the significant differences between pairs of groups. Dimensional disproportions may exist within groups undergoing surgery, although overall the average size of the skull may deviate only slightly from normal.
RESULTS
Craniometries: Univariate Analysis T he results of the one-way ANOVA are presented in Table 1 for each craniometric variable (the results of Tukey's multiple comparisons tests are described in the text).
Maxillary Length
ANOVA revealed significant difference among groups in one of eight measures of maxillary length (ABr, AB1, ACr, AC1, ADr, ADI, BCr, BC1). The distance from the posterior margin of the alveolus of the canine to the posterior margin of the last molar on right maxillary (i.e., the length of BCr in group IV) was significantly shorter than in groups I and II.
Maxillary Width
Significant differences were noted in two of three measures of maxillary width (MN and OP). Group IV had significantly greater maxillary width than controls in MN (distance between the medial margins of the alveoli of the last premolars).
Maxillary Height
No significant difference was found among groups.
Posterior Ffacial Length
Significant differences were observed in three of six measures of posterior facial length (DHr, DH1, CHr, CHI, NSHr, and NSH1). For the DHr and CHr measures, group IV was significantly greater than the unrepaired controls.
Posterior Facial Width
ANOVA revealed no significant differences among groups. 
Nasal Deflection
Nasal deflection was described with the inclination of the dorsum of the nose to the facial midline. It was significantly greater in group IV than in groups I, II, and III.
Occlusal Relationships
Occlusions were examined every 4 weeks. All animals in group I had normal occlusion. Malocclusion in the form of slight anterior cross-bite was found in group II from 14 weeks postoperatively on the cleft side, and the anterior cross-bite in group III was moderate. Malocclusion in group IV was moderate to severe at that time.
Ratio of Asymmetry Ratio of Maxillary Length
There was significantly larger asymmetry ratio of maxillary length in group IV than in groups II and group III. The results of the ANOVA and the Tukey's analysis were shown in Tables 2 and 3 .
Maxillary Growth Change
Maxillary Length
In the first 4 weeks postoperatively, the self-growth ratio of maxillary length in group IV was smaller than in the other groups. There was no significant difference between group IV and the other controls at 4 to 8 weeks. From 8 to 12 weeks postoperatively, the maxillary length in group IV increased faster than groups II and III. From 12 to 16 weeks postoperatively, the self-growth ratio in group IV was larger than the other three groups, but the difference was not statistically significant. Later, the differences in maxillary length growth became inapparent between groups (Figs 6, 7, and 8).
Maxillary Width
The growth of the shortest distance between point A and the midline (AE) in group IV was quicker than in group II and group III in the first 4 weeks postoperatively, whereas the intercanine width (PP') in group IV increased significantly more slowly than other groups. After that, there was no significant difference between group IV and the other groups (Figs 9, 10, 11, and 12).
Maxillary Height
There was no significant difference between group IV and other groups except, at 12 to 16 weeks postoperatively, the animals in group IV had a faster increase of maxillary height than those in groups II and III (Fig 13) .
Dental Cast Measurements
Transverse Distances
The transverse distance is the distance between all corresponding measuring points at the cusp tips of teeth on the right and left sides of the dental arch.
Arch Convexity
Arch convexity is the distance between the midpoint and the middle of the line between the cusp tips of the right and left m3 in the deciduous dentition and the Ml in the permanent dentition, respectively.
Arch Form
The arch form was expressed as the angle between the line from the cusp tip of the most posterior molar to the cusp tip of second premolar and the line from the cusp tip of the second premolar to the midpoint. The results of dental cast assessment were shown in Table 4 . In deciduous dentition, the growth of the transverse distance between canines in group IV showed slower growth than that in group I and group II at 4 weeks postoperatively. The distance between ml in group IV increased more than that in groups II and III at 4 to 8 weeks postoperatively. The transverse width growth of the third molars in group IV became significantly larger than in the other groups at 8 weeks postoperatively. The arch convexity on the right side in group II increased faster than that in group IV at 4 weeks postoperatively. The arch form on the right side in group II showed significantly slower growth than the other groups at 4 weeks postoperatively.
In the permanent dentition, the intercanine width in group IV was smaller than that in the normal group at 16 to 20 and 24 to 28 weeks postoperatively. The transverse distance between the first molars in group IV grew significantly faster than in group II at 20 to 24 weeks postoperatively. The growth of the transverse width between the third molars in group IV was less than the normal controls at 16 to 20 weeks postoperatively. The growth of the arch convexity on the right side in group IV was slower than that in the unoperated and unrepaired groups at 16 to 20 weekly postoperatively. Its growth on the left side in group IV also showed slower growth than that of group II and III during that period. The arch form on the right side in group IV grew significantly more slowly than the normal group at 20 to 24 weeks postoperatively, whereas on the left side, the animals showed significantly slower growth than all the other groups.
DISCUSSION I
nvestigation of the influence of cleft palatal surgery on maxillary growth using animals with surgically created cleft palate has been widely carried out. In this way, we can separate the effect of operations from that of the deformities on maxillary aberrations. However, there is very high probability that the man-made defect healed and self-closed. 12 Incomplete ave reported that the nasal mucosa could lead to bone matrix absorption and inhibit the cleft from healing. To prevent the surgically created cleft palate from healing and self-closing, we turned the denuded underlying nasal mucosa over and sutured it with the oral mucosa. Thus, the border of hard palate was parceled between the nasal and oral mucosa and separated from the opposite fragment. As a result, the defect in group II was maintained until 34 weeks after the operations. We noted that animals in group II always had difficulties in eating because they coughed a lot. Their appetite decreased dramatically, and their weight increase was slower than in other groups. This phenomenon was similar to that of patients with cleft palate in the clinic. Thereby, the present animal model of cleft palate is more appropriate to the clinical condition and can meet the needs of clinical research.
Patients with cleft palate may have form an inherent framework of maxillary growth since the embryonic phase. The characteristic deformation is mainly caused by the defective structure, which affects the growth of maxillofacial complex. Therefore, growth inhibition of the maxilla is caused by the environmental influence on the congenital deformity instead of an inherent deficient growth capacity.
It has been revealed that three measures of maxillary width in group IV were within the normal limits. The distance between point M and point N is significantly larger in group IV than in group III. When it comes to the posterior facial length, the DHr and CHr lengths in group IV are significantly greater than those in group II and group III. The amelioration of maxillary development implied that autogenous bone implantation in total cleft may reduce growth disturbance of the cleft palate and secondary deformities after two-flap palatoplasty. But, at the same time, some other maxillary deformities were observed after the autogenous bone grafting. The distance of BCr in group FV is significantly shorter than in groups I and II, and the angle of NA is significantly larger than in the other groups. It is obvious that these new deformities were caused by autogenous bone grafting.
Most of the anomalies presented in a short period after autogenous bone grafting in this experiment. Most of the animals were in the permanent tooth eruption stage. It may be a so-called accelerated stage of mid-face deformities, forming during the maturation stage of growth, as in cleft palate patients. This accelerated growth makes the deformities much worse after surgery. The permanent tooth eruption stage in beagles is 4 to 6 months postnatally. 13 In this period, maxillary growth is the most obvious in normal controls, and the difference in self-growth rate among the experimental groups can be easily observed. The increase of maxillary height in group IV is significantly slower than in normal peers but quicker than group II and group III. We thought the autogenous bone grafting in cleft might have had a positive influence on the maxillary vertical growth.
We also found that animals in group IV had the most asymmetric maxilla. The distance between the most anterior point of the right premaxilla (point A) and the midline increased faster in the first 4 weeks postoperatively in this group than in the others, whereas the intercanine distance increased more slowly than the normal controls. Therefore, the truth is that point A rotated to the autogenous bone grafted side rather than the premaxilla expanding in a transverse direction. What is more, the shortest distance between the highest point of the right maxilla (point B) and the midline increased more slowly at 12 to 16 weeks postoperatively in group IV than in group I. It also provided evidence that the right premaxilla grew and rotated toward the autogenous bone graft side.
Although the separated maxillary bone resumed its continuity after autogenous bone grafting, other structure changes were found when we compared the positions of bone markers preoperatively and 34 weeks postoperatively. The premaxilla grew straight forward in group I. In group II, the premaxilla on the cleft side grew and rotated to the opposite side because its growth as a unitary structure had been interfered with. The animals in group III were in a similar condition because the bony defects still existed, although the soft defect was repaired. Something interesting was observed in group IV: the premaxilla had a tendency to be deviated and rotated to the bone graft side. And, we also found the premaxillary suture on the autogenous bone grafting side to be partially or totally ossified and absent (Fig 14) . We speculated that the premaxilla was ankylosed and ossified and the line of junction between premaxilla and maxillary could not be seen. Without the tension of the suture, the growth of the autogenous bone graft side of the premaxilla was inhibited and slowed. Finally, the premaxilla and nasal septum cartilage has a tendency to be deviated and rotated to the bone graft side (Fig. 15) . Differences are given at the P , 0.05 levels. Ages are given in weeks. I, group I; II, group II; III, group III; IV, group IV; -, missing because of transition; ns, not significant. MAXILLARY GROWTH AND OCCLUSAL OUTCOME AFTER RIB GRAFT / Wang et al
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We investigated the growth changes after autogenous bone grafting both in the deciduous teeth period and in the permanent teeth period. It is still not clear why there is a slower self-growth rate of intercanine distance in group IV animals than in the unoperated and unrepaired animals. We thought it might have something to do with the incisive foramen. The dog's incisive foramen is bigger than that of human's.
14 After autogenous rib bone grafting, the right incisive foramen disappeared. But, because of the inherent growth limitation of tissue cells, there was no new bone formation in the incisive foramen area, and the incisive foramen escaped ossification. We found that all the experimental animals' right incisive foramina recuperated to the same size as the unoperated side. It was the scar contraction in the naked zone between the canines that slowed the growth of the transverse distance . It was similar to the cause of growth aberrance in group III. The transverse distance between the two first deciduous molars and the distance between the two third deciduous molars increased faster than in other groups at 4 to 8 weeks after autogenous bone grafting. So, this is the growth rate of the transverse distance between the two first premolars in group IV at 20 to 24 weeks after surgery. Perhaps grafted autogenous bone worked as a strong mechanical support, and its ossification and reconstruction could also stimulate the lateral growth of the hard palate. In addition, tension of soft tissue caused by wound healing might have stimulated the quantity and rapidity of bone formation because in some skulls, excess bone was found and the midline of palate was deviated to the right side. This implies that the normal width of palate in autogenous bone grafting group is mainly the result of the increased palatal width on the operated side. The mechanism of the intervening against the growth disturbance of maxillary, which occurred in group II and group III, was supposed to be the wide and massive areas of bone formation after autogenous bone graftingin group IV. Although upper dental arch transversal growth inhibition could be improved after autogenous bone grafting, the self-growth ratio of arch convexity was slower. The right arch form changed more than in the normal controls.
The results indicate that autogenous bone grafting may reduce the disturbance of maxillary growth caused by cleft palate and the denuded bone, but it may cause other maxillary deformities. Therefore, surgeons should be careful in choosing the method of autogenous bone grafting in primary repair of complete cleft palate.
